Humans exhibit broad heterogeneity in affiliative social behavior. Twin and family studies show that individual differences in core dimensions of social behavior are heritable, yet there are knowledge gaps in understanding the underlying genetic and neurobiological mechanisms. Animal genetic reference panels (GRPs) provide a tractable strategy for examining the behavioral and genetic architecture of complex traits. Here, using males from 50 mouse strains from the BXD GRP, 4 domains of affiliative social behavior-social approach, social recognition, direct social interaction (DSI) (partner sniffing) and vocal communication-were examined in 2 widely used behavioral tasks-the 3-chamber and DSI tasks. There was continuous and broad variation in social and nonsocial traits, with moderate to high heritability of social approach sniff preference (0.31), ultrasonic vocalization (USV) count (0.39), partner sniffing (0.51), locomotor activity (0.54-0.66) and anxiety-like behavior (0.36). Principal component analysis shows that variation in social and nonsocial traits are attributable to 5 independent factors. Genome-wide mapping identified significant quantitative trait loci for USV count on chromosome (Chr) 18 and locomotor activity on Chr X, with suggestive loci and candidate quantitative trait genes identified for all traits with one notable exception-partner sniffing in the DSI task. The results show heritable variation in sociability, which is independent of variation in activity and anxiety-like traits.
| INTRODUCTION
Affiliative social motivation and behavior (sociability) are foundational for the development of close social bonds and the endurance of social groups across species. Despite this importance, there is pronounced variation in sociability in typical humans [1] [2] [3] [4] and in many vertebrate and invertebrate species. [5] [6] [7] [8] [9] [10] [11] [12] The extremes of this continuum in humans are observed in many neurodevelopmental disorders (NDDs). [13] [14] [15] Twin and family studies in humans, 2, 16 and selection and population studies in animals, [17] [18] [19] [20] [21] [22] [23] show that individual differences in core dimensions of social behavior are heritable. While major neurochemical systems involved in social-emotional behavior (eg, oxytocin, vasopressin, dopamine, serotonin) 2,24-26 and genetic contributions to many NDDs, 2, 13, [27] [28] [29] have been ascribed, the natural genetic variants that contribute to heterogeneity in affiliative social behavior are not well-understood.
Research in human genetics has shown that many common disorders are the quantitative extremes of continuously varying traits in unaffected populations. [30] [31] [32] [33] A continuum model of sociability is supported by evidence that genome-wide polymorphisms (of unknown function) that impose genetic risk for autism spectrum (ASD) and other neuropsychiatric disorders, also influence a continuum of social behavior and developmental phenotypes in unaffected populations. 34 In addition, continuous variation in social traits (including subclinical dimensions of impairment) are observed in the general population and in the unaffected family members of individuals with ASD and other NDDs. [34] [35] [36] [37] [38] [39] [40] [41] These findings suggest that a combination of genes that contribute to heterogeneity in core dimensions of typical social behavior also influence disorder risk and symptom severity. Thus, determining the genetic basis of typical trait variation in humans and animals will lead to a greater understanding of the molecular and neural circuit underpinnings of typical and atypical sociability.
A tractable and unbiased approach to studying phenotypic variation in the laboratory has been the application of invertebrate and vertebrate genetic reference panels (GRPs) in which genetic variation is fixed and well-cataloged across large families of genetically related recombinant inbred (RI) strains. Thousands of quantitative traits have been studied in GRPs, including fine mapping of genetic loci that contribute to continuous variation in complex physiological and neurobiological traits across species. [42] [43] [44] [45] [46] [47] [48] [49] Mice are particularly advantageous for examining the genetic architecture of sociability because of their high levels and lifelong expression of affiliative behaviors. [50] [51] [52] [53] Outbred and unrelated-inbred mouse strains show differences in affiliative and aggressive social behavior 9, [54] [55] [56] and mutant mice have been the focus of numerous candidate gene studies. 57, 58 Nevertheless, the degree of behavioral heterogeneity, trait heritability and the genetic and behavioral structure of sociability in RI mouse strains are not known. Here, we used the BXD mouse GRP 59, 60 and 2 widely used social behavior tasks-the 3-chamber and direct social interaction (DSI) tasks-to address these questions. The tasks measure 4 core domains of sociality-social approach and avoidance ("social approach"), social recognition and novelty preference ("social novelty"), DSI using species-typical behavior (partner sniffing, touching) and vocal communication. These behaviors are conserved across species. [61] [62] [63] [64] [65] The tasks differ in several important ways, including the characteristics of the social partner (age, familiarity), extent of physical contact with the social partner, ethological similarity, session duration and chamber size, providing an opportunity to examine the "behavioral architecture" of sociability by determining the degree to which social (and nonsocial) traits co-vary. Here, the BXD GRP is known to show continuous variation in a number of complex behaviors, 46, 48, 49, [66] [67] [68] [69] including activity, anxiety and learning, providing an opportunity to examine whether there is heritable and correlated variation in nonsocial traits expressed during the social tasks. The studies show broad and heritable variation in social and nonsocial traits, which vary independently, providing an opportunity for whole-genome mapping that shows overlapping, yet distinct, loci for vocal communication, social approach, activity and anxiety-like behaviors. The foundational implications of the findings with regard to future studies of specific genes that influence typical and atypical social development are discussed.
| MATERIALS AND METHODS

| Mice
The BXD GRP comprises >100 RI strains generated from progressive matings of C57BL/6 (B6) and DBA/2 (D2) offspring (B × D). 59, 60, 70 The parental strains show high levels of sequence variation (~5M SNPs, 500K INDELS, 55K CNVs), which is cataloged at >7500 informative SNPs in the offspring strains. 71 Experimental mice from the B6 and D2 parental strains, F1 cross (B6D2F1) and 47 BXD strains were obtained from The Jackson Laboratory (Bar Harbor, ME) at 6 to 10 weeks of age. Male mice were used in all studies. Experimental mice were tested in 7 cohorts over 3 years, with 9 to 12 mice/BXD strain and 70 to 75 mice/parental strain (~10/cohort) and were tested between 2 and 4.5 months of age, at an average age of 3 months.
Mice were allowed to acclimate to the facility for 2 to 4 weeks prior to testing and were maintained on a 12 h light/dark cycle (lights on 6:00 AM to 6:00 PM) with ad libitum access to food and water, except during testing. were housed 2 to 3 per cage following weaning on postnatal day (P) 21. All mapping was performed with data collected using B6 partners. In a separate study, we examined sociability in the parental strains in the 3-chamber and DSI tasks using 129S1/SvImJ (129) partners obtained from The Jackson Laboratory. We observed similar rank-order differences in sociability between the parental strains when tested with B6 or 129 partners, providing evidence that lower sociability in B6 mice is not dependent upon being paired with a same-strain partner ( Figure S1 , Supporting Information; see section 4).
| Three-chamber social interaction task
Social approach (a measure of affiliation) and social novelty preference (a measure of social recognition) were assessed using a modified 3-chamber social interaction task. 51, 75 In this task, mice are assessed for their propensity to approach and interact with unfamiliar adult male partners (stimulus mice), which are confined beneath inverted wire cups located in the side chambers. As described previously, 75 49, 66 Prior to the interaction sessions, experimental mice were confined briefly to the center chamber while stimulus mice were introduced beneath the cups. During the social approach session, a stimulus mouse was placed beneath one of the cups (the initial location was counterbalanced across mice) and the experimental mouse explored the entire chamber for 10-min. A social approach "chamber" preference score was calculated as the duration of time the experimental mouse spent in the chamber containing the stimulus mouse minus time spent in the chamber without a stimulus mouse (empty cup). The duration of time mice spent sniffing, or in close proximity to (within 1 cm), the wire cups was used as an additional measure of social approach "sniff" preference, calculated as the duration of time the experimental mouse spent sniffing the cup with the stimulus mouse minus time spent sniffing the empty cup. During the social novelty session, an additional stimulus mouse was placed on the opposite side and the experimental mouse explored the chamber for 10-min. A social novelty "chamber" preference score was calculated as the duration of time mice spent in the chamber containing the novel, minus the familiar, stimulus mouse. Social novelty "sniff"
preference was calculated as the duration of time the experimental mouse spent sniffing the cup with the novel, minus the familiar, stimulus mouse. Entries made into the side-chambers during each session were scored as measures of locomotor activity, as previously reported. 51, 76 This measure of activity was positively correlated with total distance traveled (R 2 = .80, P < .0001; data not shown) and gen- sions were scored and mice that failed to discover the social partner within the first 5-min of the session were excluded; a total of 15 mice from 11 strains were excluded for this reason. After each complete test, the apparatus was cleaned with water and 70% ethanol and then dried. Sessions were videotaped and automatically scored for chamber entries, durations and cup sniffing and proximity using CleverSys TopScan™ software version 3.0 (Reston, Virginia).
| Direct social interaction (DSI) task
The DSI task was used to assess fine details of adult DSI and ultra- Bolded numbers indicate Bonferroni-corrected P values < .003. Red shading indicates a positive correlation, blue shading indicates a negative correlation. Hab., habituation session; Pref., preference; SA, social approach session; SN, social novelty session.
| Quantitative trait locus (QTL) mapping
Genome-wide simple interval mapping (SIM) was performed using the genome mapping tools within GeneNetwork (GN; http://www.
genenetwork.org) to identify suggestive and significant QTLs. We used composite interval mapping (CIM) to identify additional suggestive QTLs masked by linkage and pair-scanning to identify epistatic interactions. CIM was performed by controlling for the peak with the highest LRS score. The B6 and D2 parental strains show substantial sequence variation. 81 All mapping was performed with 2017 genotypes in GN (mm10 GRCm38 assembly; 7320 informative markers), without parental strain data and without strain weighting. When appropriate, outlier values for specific traits were winsorized. In no case did winsorizing alter the location of a QTL peak. We performed permutation tests (5000) in GN to determine the likelihood ratio statistic (LRS) thresholds for suggestive and significant QTLs, corresponding to genome-wide probabilities of .63 and .05, respectively. 82 The proportion of pheno- 
| Statistical analyses
Data are presented as the mean AE standard error of the mean (SEM).
Differences in means were tested using one-way analysis of variance (ANOVA). Heritability (h 2 ) was estimated by comparing within-and between-strain variances using ANOVA R 2 values. 42, 46, 66 Spearman correlations were calculated to show relationship between traits and significance was defined as Bonferroni-corrected P values <.003 in order to correct for 15 comparisons (Table 1) . Analyses were performed using GraphPad Prism version 6 (GraphPad Software, Inc, La Jolla, CA).
| Principal component analysis (PCA)
The 2 tasks generated 17 measures of social and nonsocial behavior.
Two measures in the DSI task, mounting and aggression, had a low frequency of occurrence and were not included in the PCA analysis ( Figure S2 ). To determine how phenotypic variance in the remaining 15 measures are related to each other we performed exploratory factor analysis to determine the principal components using data collected from the 50 strains. Descriptive statistics (including tests of normality) of variables were performed. To avoid undue influence from any one variable, skewed variables were transformed and variables were standardized and centered. Factors were determined by those with an eigen value >1.0. The fraction of overall variance explained by each factor was calculated (Table 2) . Analyses were performed using SPSS version 23 (IBM, Armonk, NY); α = .05.
| Power calculations
We performed power calculations with R/qtlDesign software version 
Behavioral heterogeneity in the 3-chamber social interaction task. The BXD panel shows continuous variation in (A), social approach chamber preference, (B), social approach sniff preference and (C) social novelty sniff preference. During habituation to the 3-chamber, the BXD panel shows continuous variation in (D), chamber entries, (E), the percentage of time spent in the center chamber and (F), the latency to leave the center chamber. Data are means AE SEM. Parental strains are shown in black (C57BL/6) and white (DBA/2). The F1 cross (B6D2F1) and 47 BXD strains are shown in gray. The inset in each graph shows the estimated heritability (h 2 ) and fold-change (FC) for each measure different proportions of trait variance as a function of strain number.
Environmental variance was estimated from the within-strain trait variance, genetic variance was set to 100 units, and the detectable variance generated by a single QTL was estimated based on 80% power, with 10 replicates per strain ( Figure S7 ).
| RESULTS
Across 50 mouse strains, we found broad heterogeneity in all traits measured in the 3-chamber and DSI tasks (Figures 1 and 2 , S2 and S3). Table 1 provides the Spearman rank order correlations and   Table 2 summarizes the heterogeneity, heritability and PCA results for all traits (discussed below).
| Three-chamber social interaction
As summarized in Figure 1 , there is continuous variation in social approach and social novelty preference, as well as in measures of activity and anxiety-like behavior, expressed during the 3-chamber task. Social approach "chamber" and "sniff" preference varied~5 to F 49,549 = 5.12, P < .001, Figure 1B ) and these measures had low-tomoderate heritability (h 2 = .23-.31, Table 2 ). Social novelty "chamber"
and "sniff" preference also varied across the panel ( Figures 1C and   S3 ), but because of relatively high within-strain variability, these traits had low heritability (h 2 = .08-.13; Table 2 ). PCA (discussed below)
showed activity and anxiety-like traits expressed during the 3-chamber task, which also exhibited variation across strains. Chamber entries were measured during the habituation, social approach and social novelty sessions and varied~4-fold across strains in each session (habituation: 17.8 AE 1.3, BXD64 to 72.9 AE 2.5, BXD55;
F 49,549 = 16.1, P < .001, Figure 1D ; social approach and novelty, Figure S3 ). Chamber entries were positively correlated across sessions (Table 1 , discussed below) and highly heritable (h 2 = .54-.59, Figure 1F ). These putative measures of activity and anxiety-like behavior were modestly heritable (h 2 = .34-.36, Table 2 ). The percentage of time strains spent in the center during the social approach and novelty sessions also showed continuous variation across strains and these measures had low heritability ( Figure S3 ).
| Direct social interaction
As summarized in Figure 2 , direct interaction ("partner sniffing") var- Mapping color corresponds to the color of the primary factor containing each trait that was identified using PCA in Table 2 . (D), Summary of QTL locations, peak LRS scores and locations, additive effect sizes and genotypes, gene numbers and number of genes with sequence variants, and candidate quantitative trait genes (QTGs). Candidate QTGs are listed in order of location on each on each Chr and were selected based on evidence of (1) QTLMiner ratings based on gene expression in brain, cis-regulation and presence of nonsynonymous SNPs or Indels, (2) significant correlation between trait means and transcript expression in the hippocampus, hypothalamus or amygdala (P < .01, expression datasets in GN, bolded) or (3) involvement in human neurological disorders or key phenotypes related to social behavior or communication (starred). CIM controlling for the social approach peak on Chr 10 revealed an additional suggestive locus on Chr 4 (CIM-4; data shown in Figure S4 ). Significant LRS scores are bolded and starred. Table 2 ). Similarly, USV count varied~1100-fold across the 49 strains that vocalized ( Figure 2B, 1.1 were positively correlated ( Figure S2 , Table 1 , discussed below). Selfgrooming occurred relatively infrequently during the interaction session, yet showed continuous variation across strains (0.3 AE 0.3, BXD43 to 6.0 AE 3.4, BXD27; F 49,512 = 2.89, P < .001; Figure 2C ) and had low heritability (h 2 = .22, Table 2 ). Interaction sessions were conducted with juvenile males to facilitate affiliative interactions; we observed few instances of aggressive or sexual behavior across strains ( Figure S2 ). Finally, locomotor activity during the habituation session varied~4-fold across strains (8.3 AE 0.7, BXD62 to 32.1 AE 1.6, BXD45; F 46,368 = 15.34, P < .001; Figure 2D ) and was highly heritable (h 2 = .66, Table 2 ).
| Correlations
Spearman rank-order correlations across behavioral measures from the 3-chamber and DSI tasks are reported in Table 1 
| Principal component analysis (PCA)
The heterogeneity across behavioral measures in each task is summarized in Table 2 as fold-changes between the lowest and highest trait means across the BXD strains. The estimated heritability of each measure is also shown. Nine traits had heritabilities ≥.30 (bolded in red), which is amenable for exploratory QTL mapping in a panel of this size (see below and section 4). 42, 92 We used PCA to determine whether shared or independent factors explain the observed variation in social and nonsocial phenotypes expressed during the social tasks.
To further examine the factor structure of these traits, we analyzed conditioned fear acquisition and expression data that were measured in the same mice (see 46 ). Six factors describe nearly 70% of the overall phenotypic variance (Table 2) (Table 1) , these traits loaded on Factor 6 rather than on the social factors, suggesting that they may reflect anxiety that generalizes beyond the social context (see section 4). We found that measures of conditioned fear learning loaded together on Factor 5 and were unrelated to sociability, activity, or anxiety-like behavior.
| QTL mapping of social behaviors
DSI partner sniffing is the most heritable measure of sociability (0.51) and yet the genome-wide mapping did not identify any suggestive or significant QTLs ( Figure 3A) . The data suggest that this trait is highly polygenic and will likely require mapping with additional strains to generate sufficient power to detect loci with relatively small effect size (see section 4). For USV count, we identified 1 significant locus located on Chr 18 (68.188 Mb, LRS = 18.79), which explains 31% of trait variation across strains ( Figure 3B ). We also identified suggestive loci for USV count ( Figure 3B ) and social approach sniff preference ( Figure 3C ), with the same suggestive peak on Chr 19 identified for both. Peak locations and gene attributes are summarized in Figure 3D and discussed below. To understand possible linkage between loci, we conducted CIM using the markers with the highest LRS scores for each trait, showing additional suggestive loci ( Figures 3D and S4 ). To identify epistatic interactions between pairs of loci, we conducted pair-scan mapping in GN. For USV count, we identified a significant epistatic interaction between loci on Chr Figure S6 ).
| QTL mapping of nonsocial behaviors
For chamber entries made during the 3-chamber task ( Figure 4A-C) as well as habituation center latency and center time ( Figures 4E,F Atg10, Ssbp2, Msh3, Rasgrf2, Thbs4, Papd4, Homer1*, Cmya5*, Arsb, Wdr41*, Pde8b*, Crhbp*, F2r, Iqgap2, F2rl2
FIGURE 4 Legend on next page.
locus was significant for habituation entries (LRS = 20.50) and social novelty entries (LRS = 20.53) (Figure 4A,C) and accounted for 35% of trait variation across strains. Suggestive peaks on distal Chr X were present for the other measures ( Figure 4B ,E,F). Given that both habituation center latency and center time had primary (center latency) or secondary (center time) loadings on Factor 1 (Table 2) , we hypothesize that this locus on distal Chr X contributes to variation in activity.
Although this locus was not present in the map for DSI activity ( Figure 4D ), previous studies have found a suggestive QTL at this location on Chr X for ethanol-induced differences in locomotor activity. 49, 93 Across tasks, DSI activity and 3-chamber entries had a consistent suggestive locus on Chr 12 (peaks between 91.520 and 98.800 Mb), representing a potential additional activity locus ( Figure 4A-D) , which is consistent with previous reports. 49 CIM using the markers with the highest LRS scores for each trait showed additional suggestive loci ( Figure 4G and S5 ). For example, CIM controlling for the significant locus on Chr X using marker rs29271731
showed a suggestive QTL on Chr 17 (peak LRS at 78.925 Mb) for social novelty entries, but did not show additional peaks for habituation entries, despite very similar locus maps for these traits. As discussed above, habituation center latency and time are complex traits that appear to be comprised of both activity and anxiety-like behaviors. Consistent with this hypothesis, for habituation center latency we identified suggestive peaks on Chr 11 (98.136 Mb) and Chr 13 (95.514 Mb), in addition to the peak on Chr X ( Figure 4E ). Interestingly, the locus on Chr 13 is within a few Mb of a peak that we identified for conditioned fear (QTL 13a: peak located at 84. ). Although conditioned fear measures and center latency loaded on separate factors (Table 2 ), these data suggest that QTL 13a contains genes that influence both fear acquisition and anxiety-like behavior (see section 4).
Finally, in addition to the QTLs on Chr 12 and X, we identified a suggestive locus on distal Chr 1 for habituation center time ( Figure 4F ), which overlaps with a locus identified for locomotor activity in an anxiety assay (see GN trait 12401, Cook et al, unpublished data) and is near a "QTL hotspot" for brain-based behavioral phenotypes. 94 Pair-scan mapping did not identify any significant epistatic interactions for the nonsocial traits.
The locations of suggestive and significant QTLs for each trait are summarized in Figures 3D and 4G . For social traits, D2 alleles increase traits means at all loci, with the exception of QTL CIM-4
( Figure 3D ). For the putative activity locus on Chr X, D2 alleles increase trait means for chamber entries, but B6 alleles increase traits means for habituation center time and latency, consistent with inverse relationship between these measures and activity (Table 1 and Figure 4G ). For the putative activity locus on proximal Chr 12, B6 alleles increase trait means, while D2 alleles increase trait means for the adjacent (more distal) locus on Chr 12 identified for habituation center time ( Figure 4G ). Finally, for habituation center latency, B6 alleles increase trait means for the locus on Chr 11, while D2 alleles increase trait means for the putative fear/anxiety locus on Chr 13 ( Figure 4G , see Knoll et al 46 )
.
Genes located within significant, as well as suggestive, QTLs were examined to identify putative QTGs using multiple criteria (Figures 3D and 4G ; see section 2). Focusing on significant loci, a number of genes show sequence variation (nsSNPs), cis-regulation and transcript expression in brain (noted in Figure 3D and 4G), making them good candidate QTGs for loci with large effect-sizes. In particular, for the QTL on Chr 18 for USV count we identified several positional candidates including Gnal, which encodes the α subunit of the heterotrimeric G-protein Gα olf . Gnal is cis-regulated, possesses a nonsynonymous coding variant between the parental strains, and is expressed in sensory neurons of the olfactory epithelium and at high levels in the olfactory tubercle, striatum, hippocampus and cerebellum. 95, 96 Heterozygous GNAL mutations underlie Dystonia-25 97 in humans and a similar dystonia phenotype in mice. 98 Homozygous null
Gnal mutations in mice result in anosmia and high levels of pup mortality because of failure to nurse, with abnormal maternal care , Activity during habituation to the DSI chamber is associated with a suggestive locus on Chr 12 at the same location as in (A-C). During habituation to the 3-chamber, (E), latency to leave the center is associated with suggestive loci on Chr 11, 13 and X and (F), time spent in the center is associated with suggestive loci on Chr 1, distal 12 and X. Mapping color corresponds to the color of the primary factor containing each trait that was identified using PCA in Table 2 . (G), Summary of QTL locations, peak LRS scores and locations, additive effect sizes and genotypes, gene numbers and number of genes with sequence variants, and candidate quantitative trait genes (QTGs). Candidate QTGs are listed in order of location on each on each Chr and were selected based on evidence of (1) QTLMiner ratings based on gene expression in brain, cis-regulation and presence of nonsynonymous SNPs or Indels, (2) significant correlation between trait means and transcript expression in the hippocampus, hypothalamus or amygdala (P < .01, expression datasets in GN, bolded) or (3) involvement in human neurological disorders or key phenotypes related to activity or anxiety-like behavior (starred). CIM controlling for the peak on Chr X for SN entries revealed an additional suggestive locus on Chr 17 (CIM-17); controlling for the peak on Chr 12 for DSI activity revealed an additional suggestive locus on Chr X (CIM-X, data shown in Figure S5 Genetic mapping showed suggestive and significant loci for USV count, social approach, locomotor activity and anxiety-like traits. A surprising finding was that genetic mapping of partner sniffing did not identify any suggestive or significant loci, despite the relatively high heritability of this trait (.51). This finding suggests that partner sniffing is highly polygenic and it is likely that natural variants in many genes, each with small effect size, contribute to trait variation. This interpretation is consistent with the often reported "missing heritability" and loci with small-effect sizes for complex (and highly heritable) psychological and social traits in humans (see below), although shared and nonshared environmental effects may also play a role. 104, 105 Genetic contributions to aggression and some affiliative social behaviors have been described using chromosome substitution strains and F2 intercross populations. 54, [106] [107] [108] [109] The current study provides novel evidence of heritable variation in affiliative social behavior in a RI panel, including a new analysis of the behavioral and genetic architecture of social and nonsocial traits measured in 2 widely used tasks in mouse models of neurodevelopmental and psychiatric disorders. As such, the present work represents an important step toward determining the genetic architecture of sociability in order to advance the understanding of heterogeneity of typical and atypical sociability.
One of the advantages of using the BXD panel is the opportunity to identify inbred strains with a broad range in sociability that well exceeds differences typically observed in a mutant mouse (compared with its wild-type counterpart). The ranges reported here (~4-6 to 1000-fold)
provide new opportunities to perform task-specific differential neural circuit activation mapping, and pharmacological or behavioral interventions. One finding from the present study is that the B6 strain exhibits relatively low social behavior in both tasks compared with the D2 and the majority of BXD strains. The rank-order differences in sociability between the B6 and D2 strains are independent of testing the B6 strain with a same-or different-strain partner, yet are more robust in the DSI compared with the 3-chamber task ( Figure S1 ). Previous studies examining social behavior in adult dyads have provided mixed evidence of higher sociability in the D2 compared with the B6 strain. 9, 51, 56, 91, 110, 111 Because these strains show differences in anxiety and aggression, 56, 91, 110, 112, 113 we suggest that variation in strain differences in sociability across studies and tasks are likely due to features of the task and social partner (eg, familiarity of the testing environment, partner age) that differentially elicit affiliative, anxious, or aggressive behaviors.
The B6 strain is popular for the construction of mutant mice for the assessment of genes involved in social behavior in our laboratory and others. 75, 114 In the context of DSI, the present data suggest that placing mutations on the D2 (or BXD) background that has higher baseline affiliative social motivation might enhance the ability to detect genes involved in social behavior, which can readily be accomplished with new gene editing strategies.
The present study examined behavior only in male mice. We Factor 1 explained 20% of the trait variance and included activity measures collected from both tasks. Activity measures were highly heritable and strain rank-order in activity was remarkably similar across tasks, despite salient differences in the testing environments Differences between the task requirements may explain the absence of the Chr X QTL for DSI activity.
Both center latency and center time had primary and secondary loadings on Factors 1 and 6, consistent with the interpretation that these traits are composite measures of activity and anxiety-like behaviors. We suggest that Factor 6 reflects anxiety-like behavior based 2 lines of evidence. First, we suggest that there is face validity for strains with higher anxiety to be more inclined to spend time in the center chamber, which is~one-third of the size of the side chambers and is devoid of novel objects. Second, and more compelling, several of the loci identified for center time and center latency have been previously implicated in emotional regulation and anxiety. In particular, the center latency QTL on Chr 13 has been previously mapped by our laboratory and others for conditioned fear and anxiety. 46, 49, 131 In addition, there is evidence that the center time QTL on distal Chr 12 is involved in emotional reactivity during fear learning. 49 Finally, the center time QTL on distal Chr 1 is near a "QTL hotspot" 94 identified repeatedly for neural and behavioral phenotypes including locomotor activity, [132] [133] [134] emotional behavior, 135, 136 and cerebellar size. 137, 138 The same mice tested for social behavior in the present study also were tested for fear learning in a separate study. 46 This afforded us the opportunity to examine whether putative anxiety measures would load with fear learning measures. We found that these measures loaded on separate factors, although, as described above, there are overlapping QTLs. Taken together the factor and genetic mapping data suggest that variation in center latency and center time relate to differences in both activity and anxiety-like behavior.
Fifty strains provided sufficient power to detect significant QTLs for USV count (Chr 18) and activity (Chr X), as well as suggestive loci for USV count, social approach, activity and anxiety-like behaviors.
Currently, the field uses multiple criteria to identify high interest QTGs from significant QTLs, including sequence variation, cisregulation and correlation of transcript expression in relevant tissues with trait means, in addition to prior evidence for gene involvement in related behaviors. We used such an approach to stratify candidate QTGs ( Figures 3 and 4) , but additional studies are needed to examine sequence variation in coding and regulatory elements and to advance expression mapping and functional testing of 1 or more QTGs for heritable traits. As noted above, DSI and USV count were positively correlated and it is possible that genes that influence USV count could have pleiotropic effects on sniffing (or vice versa), but perhaps at effect sizes below that needed to generate a genome-wide QTL of interest. This may be the case for the overlapping locus on Chr 19 that was detected for both USV count and social approach. Partner sniffing is a highly ethological, yet complex behavior that is comprised of multiple motivational, emotional, cognitive and behavioral components. 123, [139] [140] [141] Although partner sniffing was highly heritable, we did not detect any suggestive or significant loci. There is increasing evidence that the genetic architecture of complex traits (number of loci, effect sizes) can vary considerably (eg, 1-50%, 142 and often hundreds of loci of small effect size contribute to complex traits in humans and mice. 34, [143] [144] [145] [146] Allelic variation associated with heritable polygenic disorders defined by a constellation of symptoms, such as schizophrenia, correlates with relatively small changes in the expression of hundreds of genes, 147 which together influence disorder risk.
Sociability is a complex trait, but just one of many behavioral domains disrupted in certain psychiatric disorders. Thus, unpacking a complex trait such as partner sniffing using GRPs will increase power to elucidate underlying genetic mechanisms. For some traits, we found that there is a need for greater power by increasing strain number. We conducted power analyses assuming a single QTL accounting for a variable percentage of trait variance using the estimated trait variance from our existing data. Mapping in 47 RI strains typically enables detection of loci that account for~30% of the trait variance, consistent with the effect sizes of the significant loci detected here.
In contrast, mapping in 80 and 140 strains, respectively, is likely needed to detect loci accounting for 20% and 13% of trait variance ( Figure S7 ). Power analyses based on more complex modeling approaches provide evidence of increased power in RI strains, where 100 strains are needed to detect a locus with 5% effect size. 142, 148 While the genetic architecture and effect sizes of loci underlying partner sniffing are unknown, prior mapping of complex traits in mice suggests effect sizes ranging between~2 and 15%. 142 Thus, mapping in additional BXD strains is warranted both to identify loci for partner sniffing and confirm locations of suggestive loci for other traits.
| CONCLUSIONS
Heterogeneity in social behavior is common. Yet compared with other behavioral domains, little is known about the heritable nature of variation in sociability, particularly as it may relate to the broad expression of symptom differences in neurodevelopmental and psychiatric disorders. The present findings show heritable variation in specific dimensions of sociability that is unrelated to variation in activity and anxiety-like traits in male mice. The study also reports suggestive and significant QTLs that underlie measured trait variation in sociability, establishing a framework for the identification of specific genes and biological mechanisms that underlie typical and atypical social development.
